ABSTRACT This paper presents a new approach to design and implementation of a wideband microstrip radial power combiner with a planar structure in a way that it can be simply and inexpensively fabricated using a standard multilayer printed circuit board (PCB) technology. A 14-way power combiner with a two-octave bandwidth (1.5-6 GHz) is designed and fabricated on a three-layer PCB. Our measurements showed an amplitude and phase balance of ±0.75 dB and ±4.5 degrees, respectively, between the input ports. The main (output) port exhibited a reflection lower than −10 dB.
I. INTRODUCTION
The need for RF and microwave power in communications and military systems have usually been and still is greater than what a single solid-state device can provide. One can overcome this by combining the output power of multiple solid-state transistors with each other. Many different power combining methods have been investigated through the years and a comprehensive introduction of these methods can be found in the literature [1] - [4] . Corporate combining method is a good choice for combining the power of a small number of devices, but they will cause a considerable amount of loss as the number of combined devices increases since the total length of lossy transmission lines goes up quickly with the number of devices combined [5] . Besides that, using corporate method for combining a large number of devices introduces a high level of phase and amplitude unbalances which reduces the combining performance. On the other hand, another approach, namely N-way power combining, in which the input devices are combined in one step, has advantages over the corporate technique when the number of devices is high. These advantages include a lower insertion loss and also a better phase and amplitude balance. As the main drawback, N-way power combiners typically suffer from lack of good isolation between the input ports; however, once the number of combined devices gets large enough they provide acceptable isolation between the peripheral ports [6] .
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Radial combiners [7] - [9] are an important class of N-way combiners. Due to their inherent symmetry, the amplitude and phase of their input ports are well balanced. Radial combiners are usually implemented using waveguides [10] - [12] or microstrip transmission lines [5] , [13] - [15] . By comparing them, waveguide radial power combiners typically have a lower loss, which is an inherent advantage of waveguides over microstrip lines. On the other hand, microstrip radial power combiners can provide a wider bandwidth.
A drawback of radial power combiners is that they are complicated to manufacture. Specifically speaking, the ones based on waveguide require precise machine work, which is both time-consuming and expensive. Microstrip radial power combiners are much easier to manufacture; however, they require the output port to be vertically attached to the center of the combiner very precisely (in order to prevent the propagation of higher order modes) [5] , [14] , which in turn causes manufacturing difficulties. in addition, it does not help that the impedance of this central (output) port is usually much less than 50 ; hence, in a wideband microstrip radial power combiner, the central port is not just a simple connector, rather a machined coaxial line with a step or taper profile which gradually increases the impedance of the port to 50 [5] , [14] , [15] . This machining process which is required to be performed with high accuracy to preserve the phase and amplitude balance of the power combiner also increases the cost and time of manufacturing.
In this paper, we introduce a new design approach for wideband microstrip radial power combiner to simplify the manufacturing process. In the proposed method, the combiner is designed in a way that it is fabricated simply using a standard multilayer printed circuit board (PCB) technology without the need for any machine work, thereby, cutting the cost and manufacturing time of the product significantly. Such an approach eliminating machine work, to the best of the authors' knowledge, has not been previously reported in the literature. The proposed method is applied to design and fabricate a fully planar wideband microstrip radial power combiner on a three-layer PCB.
In section II, the design procedure is discussed and the proposed structure is described. The simulation and optimization processes are explained and the section ends with a discussion about the power handling of the proposed design. In section III, simulation and measurement results are presented. A comparison between the present work and some state-of-the-art radial power combiners is also made in this section. The paper ends with section IV where a conclusion is made. Figure 1a shows the schematic of the proposed design and Figure 1b shows the exploded view of the proposed combiner, using a three-layer PCB consisting of two Rogers RO4003 substrates (having a dielectric constant of 3.55 and a loss tangent of 0.0021-0.0027) with a thicknesses of 1.5 mm and 0.5 mm. The input and output sections of the combiner are printed on the top and bottom metallization layers and are connected to each other by a via at the center of the board. The middle metallization layer is a mutual ground in between them. To provide a better understanding of the structure, it is explained in details in the following.
II. STRUCTURE AND DESIGN

A. INPUT SECTION
As shown in Figure 2a , the input section of the combiner consists of 14 identical peripheral ports, each of which is connected to the center of the combiner by a tapered microstrip transmission line. Each taper is designed in a way that the characteristic impedance of the line changes by a linear profile from 50 (i.e., W1 = 3.37 mm) at the perimeter where the input ports are located, to 100 (i.e., W2 = 0.83 mm) at the center where all 14 tapers meet each other on the periphery of a central disk. The length of the tapers (L1) was set to be long enough to provide a good matching (i.e., a return loss of 20 dB) between 50 and 100 at the lowest frequency of interest, i.e., 1.5 GHz. In fact, having a good impedance conversion from 50 to 100 is the main dictating factor for the radius of the combiner. Notice that, the reason for using a taper is to increase the impedance at the central disk, where all 14 tapers meet. Specifically speaking, by using a tapered line and increasing the impedance from 50 to 100 , instead of working with an impedance of 50/14 = 3.57 at the center where all 14 lines meet (which is a very hard impedance to work with) we are dealing with an impedance of 100/14 = 7.14 ; still not perfect but much better than 3.57 . While it would make things even easier to further increase the impedance of the tapers at the center (and consequently the total impedance at the central point), doing so will result in very long tapers (and hence, a large size of combiner) and also very thin lines having a negative impact on power handling.
As seen in Figure 2a , all 14 tapered lines meet each other at the periphery of a circular disk with a diameter of D3 on the input side of the combiner. The ground plane and this central disk, which in microstrip radial power combiners is usually called a launcher, form a parallel plate radial waveguide [5] . The diameter of the disk determines propagating modes in the waveguide and so must be chosen carefully to prevent propagation of high order modes. Unlike the fundamental mode, whose electric field is constant in the φ direction, that of the higher order modes changes with φ and will cause a significant phase unbalance (between the input ports) if they VOLUME 7, 2019 are not cared for. The diameter of this disk (D3 in Figure 2a ) was set as an optimization parameter and obtained through an optimization procedure which will be discussed in detail in subsection II-D.
B. TRANSMISSION BETWEEN INPUT AND OUTPUT SECTIONS
As seen in Figure 1a , the input launcher (disk) is connected to the bottom layer -the output side -with a via. This via passes through the ground plane, which lays between the top and the bottom layers but has no connection with it. The via diameter and the spacing between the via and the ground plane which are visible in the magnified section of Figure 1b are two design parameters which need to be determined.
A via in general has some inductance. This inductance is inversely proportional to the via diameter and directly proportional to frequency. The diameter of the via (D1) should be large enough that its inductance becomes negligible at the highest frequency of interest, but not so large to have a negative impact on the phase and amplitude balances. Using the via model in the Advanced Design System (ADS), the via diameter was set to a minimum value which results in a negligible inductance at the highest frequency of interest, i.e., 6 GHz. On the other hand, the set of the central via and the ground plane can be approximately modeled by a coaxial transmission line with a core diameter of D1 (via diameter) and an outer diameter of D2. The equation for the characteristic impedance of a coaxial line was used to obtain D2 (and consequently the spacing between via and the ground plane). Having the via diameter (D1) and assuming that the characteristic impedance of this coaxial line is matched to that at the center of the input section i.e., 100/14 = 7.14 , D2 was calculated.
C. OUTPUT SECTION
On the output side, as shown in Figure 2b , the via ends at a central ellipse which plays the role of the launcher in this side. Observation of the electric field distribution (obtained by full-wave simulations using CST microwave studio [16] ) revealed that using a circular disk as launcher leads to a considerable amplitude unbalance between the input ports. However, by changing the circular disk into an ellipse and optimizing both its major (D4) and minor (D5) axes we could retain the amplitude balance.
Essentially, the task of the output section is to deliver the signal which was received from the via to a 50 output port. This may first seem like a simple task but the significant impedance difference between the via and the output port and also very wide bandwidth make it more complicated. As mentioned earlier, the impedance of the central via is 7.14 . Having a simple taper between this via and a 50 output port is not possible since a 7.14 microstrip line is too wide -almost twice the via diameter -and so cannot be effectively connected to the via. To address this problem, as shown in Figure 2b , two parallel lines were used to take the signal from the via to the output port. Since the lines are in parallel, each should have a characteristic impedance of 7.14 × 2 = 14.28 . As seen in Figure 2b , a 14.28 line has a width of not much different from the via diameter and so can be easily connected to the central via. From this point, each line is gradually and with a linear profile tapered to an impedance of 50 , where they are joined together and form a 25 line. Finally using another linear tapered line, FIGURE 3. The temperature distribution when the input power (as a splitter) is 100 W RMS and the combiner is mounted on an air cooled heatsink which is actively cooled using two fans.
this impedance was transformed to 50 at the perimeter of the combiner where the output port is placed. It should be noted that the lengths of the tapered lines were set such that they provide a good matching from 1.5 GHz.
D. OPTIMIZATION PROCEDURE
Once the width and length of the tapered lines, the via diameter, and also the spacing between the via and the ground plane was obtained in the aforementioned method, the diameters of the central disk on the top layer (D3) and the major and minor axes of the central ellipse on the bottom layer (D4 and D5) were determined in an optimization procedure. A full-wave optimization was carried out in CST microwave studio. Trust Region Framework algorithm with a semi-global setting was used to find the optimum values of these three parameters. The optimization goals were set to achieve a phase and an amplitude balance of better than ±2.5 • and ±0.5 dB, respectively. Having a return loss better than −15 dB at the output port in the frequency band of 1.5 GHz to 6 GHz was set as the third goal.
Once the optimization converged, all the design parameters were slightly tuned for a better performance of the combiner in the bandwidth of 1.5 to 6 GHz. For this purpose, Trust Region Framework of CST microwave studio with a local setting (which is a local optimization algorithm) was used. The obtained optimum values are given in TABLE 1.
It should be noted that the frequency solver of CST was used for full-wave simulations because tetrahedral meshes of this solver are better matched to the geometry of the structure which is mostly comprised of curves and lines that are not aligned with Cartesian axes. However, for such a wideband problem, the frequency solver needs to solve the problem in many frequency samples, a task which results in a very long optimization time. CST's distributed computing capability was used to solve this problem. By using this approach, simulations at different frequency samples are distributed between different machines; hence significantly reducing the optimization time. 
E. POWER HANDLING CONSIDERATIONS
The power handling of the combiner was investigated from two different aspects. The heat sinking capability of the combiner and the maximum electrical field that it can handle before a breakdown happens. For the heat sinking problem, coupled electromagnetic-thermal simulations where performed in CST. In this simulation technique, the high frequency solver of CST's microwave studio calculates the electric (and magnetic) loss in the structure. The results are then handed over to the CST MPHYSICS (multi-physics) studio [16] where it forms the losses into a heat source. This heat source can then be scaled to match any arbitrary input power since the relation between the losses and the input power is linear.
In our simulation, the combiner was assumed to be mounted on a finned heatsink with a thickness of 4 cm which is cooled using two standard 2.5 × 4 × 4 cm fans with a combined volume flew rate of 63.6 CFM. Notice that using actively air-cooled heatsinks is very common in high power systems. The ambient temperature was set to 25 • C. Figure 3 shows the resultant temperature distribution for an input power (as a splitter) of 100 W RMS. At the hottest area of the board (which is around the combine port), the temperature reaches 55.5 • C which is quite acceptable for a PCB. Furthermore, the heat-handling of the design was also investigated under two other conditions: 1) the combiner is mounted on a passively air cooled heatsink (the same heatsink but without fans) and 2) it is not mounted on a heatsink (as a free stand board). Assuming the same input power (100 W RMS), the results of our coupled electromagnetic-thermal simulations showed that at the hottest area, the temperature reaches to 68 • C and 147 • C, respectively, which are in the safe operating range of the used substrate (RO400C) according to its datasheet [25] . It should be noted that in these simulations, the source was assumed to be continues-wave. In the case of a pulsed RF source, the steady state temperatures are sure to be lower depending on the duty cycle of the pulse.
For the electric field breakdown consideration, similar to [17] , [18] , simulations were carried out in CST studio to VOLUME 7, 2019 FIGURE 5. The simulated and measured return loss of the output (combine) port. evaluate the maximum electric field on the board. Assuming an input power (as a splitter) of 100 W RMS, as shown in Figure 4 , the maximum electric field is 624.2 V/mm and this maximum is concentrated around the edges of the input (as a splitter) 50 Ohm transmission line, which is enlarged in the inset of Figure 4 . On the other hand, according to the data provided by the Rogers company [25] , the used substrate (RO4003C) can withstands an electric field intensity of 31.2 kV/mm. According to these numbers, even with an input power of 100 W RMS, we are still far away from the breakdown point of the substrate. The above analyses demonstrate that for the designed power combiner, the electric field breakdown is not a concern, but it is better to address the heat-handling with an active or passive heatsink.
III. RESULTS AND DISCUSSION
The designed radial power combiner was fabricated using PCB technology and 15 high-frequency SMA connectors were mounted on the board as shown in Figure 2a and Figure 2b . In the test, the fabricated combiner was tested using a two-port vector network analyzer, while the ports not under test were terminated by matched loads.
The measured return loss of the output port is shown in Figure 5 wherein a comparison with the simulation result is also provided, showing a good agreement between the two. It is observed that the output port has a return loss of better than −10 dB from 1.5 GHz to 6 GHz. Figure 6 shows the simulated return loss of input ports when the combiner is working in the even mode of operation (i.e. all the inputs are excited equally with the same phase and amplitude). Figure 7a shows the measured S 1n for all the input ports, where port 1 is the main (i.e., output) port. Ideally, for a 14-way power combiner, the transmission loss from each input port to the output port (i.e., |S 1n |) is −11.46 dB, which is shown as a red dashed line in Figure 7a . However, in this figure, the measured |S 1n |s show an average loss of between 0.4 dB (at 1.5 GHz) and 2 dB (at 6 GHz) in addition to the ideal transmission loss. This is in good agreement with our full-wave simulation, showing an average loss between 0.25 dB (at 1.5 GHz) and 1 dB (at 6 GHz). Our full-wave simulation showed that at high frequencies the contribution of dielectric loss in the power dissipation within the structure is around 0.6 dB, while that of the metal (copper) loss is 0.4 dB; hence by using dielectric substrates with a lower loss tangent, such as Rogers RT/duroid R 5870 / 5880, one can alleviate the insertion loss at higher frequencies considerably. Moreover, and importantly, in Figure 7a , an amplitude balance of ±0.75 dB (i.e. 1.5 dB) in the worst case (at 6 GHz) is achieved experimentally. Besides that, as seen in Figure 7b , the phase balance of the combiner (i.e., the difference between S n1 s) was measured to be better than ±4.5 degrees in the entire bandwidth. This is clearer in Figure 8 which shows the worst case of the phase balance between the input ports (at a frequency close to 6 GHz) when one of them (port number 7 where the port numbering can be seen in the inset of Figure 9 ) was considered as reference and the phase difference of all the other peripheral ports were measured compared to the reference port. The isolation between the input ports obtained using full-wave simulation is shown in Figure 9 . It is seen that the minimum isolation which is between two adjacent ports (e.g. port 2 and ports 3 or 15) is 8.6 dB at 6 GHz.
Additional simulations were carried out to analyze the sensitivity of the performance of the design to variations of the parameters which are subjected to more uncertainty in the manufacturing process. In these simulations, the diameter of the central via (D1) was changed by ±0.2 mm. In addition, the gap between the via and ground plane in the middle layer of metallization (see Figure 1b) which has the smallest dimension ((D2-D1)/2) in our design and so is the most sensitive parameter to the PCB manufacturing error was changed by ±50 %. The changes in the output return loss and the phase and amplitude balances were investigated. These results showed that the small variations of D1 and D2 do not have a noticeable effect on the performance of the design; however, the effect on the phase and amplitude balances is slightly more considerable.
Finally, the designed and fabricated radial power combiner is compared with the state-of-the-art radial power combiners in terms of fractional bandwidth (FBW), bandwidth (BW), the number of ways, isolation between the input ports, phase and amplitude balances, loss, transmission medium, and machine work requirement. The comparison results are shown in Table 2 where the rows are sorted in ascending order of FBW. It is evident that with a FBW of 120%, our combiner has a much wider bandwidth than all the other ones, and yet its performance, i.e., its isolation, phase and amplitude balances, and loss is comparable to that of the other works. It should be noted that in Table 2 , the loss is somehow proportional to FBW such that the wideband combiners (with a FBW of higher than 70%) exhibit much greater loss than the narrowband ones. In particular, our fabricated combiner, having the widest bandwidth, also has the highest level of loss in the table. Moreover, it should not be forgotten that the microstrip transmission medium which was used in this work intrinsically has a higher loss compared to metallic waveguides, coaxial lines, etc [26] . Most importantly, among all the works presented in Table 2 , only our radial power combiner has a fully planar structure (based on microstrip lines) and can be fabricated using a standard PCB technology without requiring any machine work, while all the other works require some kind of machine work.
IV. CONCLUSION
In a conclusion, this paper presented a novel planar 14-way radial power combiner with a two-octave bandwidth. The most distinguishing feature of the proposed combiner is its ease and economy of fabrication using standard PCB manufacturing techniques. Measurement results showed that throughout a 1.5-6 GHz bandwidth, the output port is matched better than −10 dB and the phase and amplitude balances are better than ±4.5 degrees and ±0.75 dB, respectively. At the highest frequency, the fabricated combiner exhibited an average intersession loss of 2 dB; however, according to our simulation, by using a low-loss dielectric substrate, it can be reduced to around 1 dB.
